Executive Summary

1.1 Introduction

Air Quality Criteria for Ozone and Rel ated
Phot ochem cal Oxi dants evaluates the latest scientific
information useful in deriving criteria that formthe
scientific basis for U S. Environnental Protection Agency
(EPA) decisions regarding the National Ambient Air Quality
St andards (NAAQS) for ozone (O ;). This Executive Summary
conci sely sumari zes key concl usions fromthe docunment, which
conprises nine chapters. Followi ng this Executive Summary is
a brief Introduction (Chapter 2) containing information on the
| egi slative and regul atory background for review of the
O, NAAQS, as well as a brief discussion of the issues
presented and the format for their discussion in the docunent.
Chapter 3 provides information on the chem stry, sources,
em ssions, neasurenent, and transport of O , and rel ated
phot ochem cal oxidants and their precursors, whereas Chapter 4
covers environnental concentrations, patterns, and exposure
estimates of O, and oxidants. Chapter 5 deals with
environnental effects, and Chapters 6, 7, and 8 di scuss ani nal
t oxi col ogi cal studies, hunman health effects, and extrapol ation
of animal toxicological data to humans, respectively. The
| ast chapter, Chapter 9, provides an integrative,
interpretative characterization of health effects associ ated
W th exposure to O, The follow ng sections conformto the
chapter organi zation of the criteria docunent.

1.2 Legislative and Regulatory Background

The phot ochem cal oxidants found in anbient air in the
hi ghest concentrations are O , and nitrogen di oxide (NO ,).
O her oxidants, such as hydrogen peroxide (H ,0) and peroxyacyl
nitrates, also have been observed, but in [ower and | ess
certain concentrations. In 1971, EPA pronul gated NAAQS to
protect the public health and welfare from adverse effects of
phot ochem cal oxidants, at that tinme, defined on the basis of
comercially avail abl e neasurenent net hodol ogy. After 1971,
however, O,-specific commercial analytical nethods becane
avai l able, as did information on the concentrations and
effects of the related non-O , photochem cal oxidants. As a
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result, the chem cal designation of the standards was changed
in 1979 from phot ochem cal oxidants to O ..

The EPA is required under Sections 108 and 109 of the
Clean Air Act to evaluate periodically the air quality
criteria that reflect the latest scientific information
relevant to review of the O ; NAAQS. These air quality
criteria are useful for indicating the kind and extent of al
identifiable effects on public health or welfare that may be
expected fromthe presence of O ; and rel ated phot ochem ca
oxidants in anbient air. The last O ,; criteria docunment was
rel eased in 1986, and a suppl enent was rel eased in 1992.
These docunents were the basis for a March 1993 deci sion by
EPA that revision of the existing 1-h NAAQS for O ; was not
appropriate at that time. That decision, however, did not
take into consideration nore recent scientific information
t hat has been published since the last literature reviewin
early 1989. The purpose of this revised criteria docunent,
therefore, is to sunmarize the pertinent information contained
in the previous O, criteria docunent and to critically
eval uate and assess the nore recent scientific data associated
with exposure to O,; and, to a |l esser extent, to H ,0 and the
peroxyacyl nitrates, particularly peroxyacetyl nitrate (PAN)
This docunent will be used by EPA's Ofice of Air Quality
Pl anni ng and Standards to provide a staff paper assessing the
nost significant scientific informati on and presenting staff
recomrendati ons on whether revisions to the O ; NAAQS are
appropri ate.

1.3 Tropospheric Ozone and Its Precursors

Introduction

OQzone is found in the stratosphere, the "free"
troposphere, and the planetary boundary |ayer (PBL) of the
earth's atnosphere. |In the PBL, background O ; occurs as the
result of (1) the intrusions of stratospheric O ; into the
"free" troposphere and downward transport into the PBL, and
(2) photochem cal reactions of nethane (CH ,), carbon nonoxide
(CO, and nitrogen oxides (NO ,). These processes contribute
to the background O, near the surface. The major source of
O, in the PBL is the photochem cal process involving
ant hr opogeni ¢ and bi ogenic em ssions of NO , with the nmany
cl asses of volatile organic conpounds (VCCs).

The topics considered in this section of the docunent
i nclude: tropospheric O ; chem stry; neteorol ogical influences
on O, formation and transport; precursor VOC and NO
em ssi ons, anbient concentrations of VOCs and NO ,, and source
apportionnent and reconciliation of measured VOC anbi ent
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concentrations with em ssion inventories; O ; air quality
nodel s; and anal ytical nethods for oxidants and precursors.

Tropospheric Ozone Chemistry

Ozone occurs in the stratosphere as the result of
chem cal reactions initiated by short-wavel ength radi ation
fromthe sun. In the "free" troposphere, O ; occurs as the
result of incursions fromthe stratosphere; upward venting
fromthe PBL (the | ayer next to the surface of the earth)

t hrough certain cloud processes; and photochem cal formation
fromprecursors, notably CH ,, CO and NO,.

The phot ochem cal production of O ; and ot her oxidants
found at the surface of the earth (in the PBL, troposphere, or
anbi ent air [used interchangeably in this summary]) is the
result of atnospheric physical processes and conpl ex,
nonl i near chem cal processes involving two cl asses of
precursor pollutants: (1) reactive anthropogeni c and bi ogenic
VOCs and (2) NO,. The only significant initiator of the
phot ochem cal production of O , in the polluted troposphere is
the photolysis of NO, yielding nitric oxide (NO and a
ground-state oxygen atomthat reacts with nol ecul ar oxygen to
formO, The O; thus fornmed reacts with NO vyielding oxygen
and NO,. These cyclic reactions attain equilibriumin the
absence of VOCs. However, in the presence of VOCs, which are
abundant in polluted anbient air, the equilibriumis upset,
resulting in a net increase in O ;. Mthane is the chief VOC
found in the free troposphere and in nost "clean" areas of the
PBL. The VOCs found in polluted anbient air are nuch nore
conpl ex and nore reactive than CH ,, but, as with CH, their
at nospheri c oxidative degradation is initiated through attack
on the VOCs by hydroxyl (OH) radicals. As in the
CH, oxidation cycle, the conversion of NOto NO , during the
oxi dation of VOCs is acconpani ed by the production of O , and
the efficient regeneration of the OHradical. The O ,; PAN
and hi gher honol ogues forned in polluted atnospheres increase
with the NO,/ NO concentration ratio.

At night, in the absence of photolysis of reactants,

t he simultaneous presence of O ; and NO, results in the
formation of the nitrate (NO ;) radical. Reactions with

NO, radi cal s appear to constitute major sinks for al kenes,
cresols, and several other conpounds, although the chem stry
is not well characterized.

Most i norgani c gas-phase processes (i.e., the nitrogen
cycle and its interrelationships with O ,; production) are wel
understood. The chem stry of the VOCs in anbient air is not
as well understood. It is well known, however, that the
chem cal | oss processes of gas-phase VOCs include reaction
with OH and NO, radicals and O, and photolysis. Reaction with
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the CHradical is the only inportant atnospheric reaction

(1 oss process) for al kanes, aromatic hydrocarbons, and the

hi gher al dehydes and ketones that |ack >C=C< bonds; and the
only atnospheric reaction of alcohols and ethers. Photolysis
is the major |oss process for fornmal dehyde and acetone.
Reactions with OH and NO ; radicals and with O, are all

i mportant | oss processes for al kenes and for carbonyls
cont ai ni ng >C=C< bonds.

Uncertainties in the atnospheric chem stry of the VCOCs
can affect quantification of the NOto-NO , conversion and of
O, yields, and can present difficulties in representation of
chem cal nechani sns, products, and product yields in O ; air
qual ity nodels. Major uncertainties in understanding the
at nospheric chem stry of the VOCs with NO , in both urban and
rural atnospheres include chem stry of alkyl nitrate
formati on, mechani snms and products of >C4 n- al kanes and
branched al kanes, nechani sns and products of al kene-

O, reactions, and nmechani sms and products of aromatic
hydr ocar bons.

It should be noted that the atnospheric chem ca
processes involved in the photooxidation of certain higher
nol ecul ar wei ght VOCs and in the formation of O ; also can | ead
to the formation of particul ate-phase organi ¢ conpounds. The
OH radi cal s produced not only can oxidize VOCs to particul ate-
phase organi ¢ conpounds but also can react with NO , and sul fur
di oxi de (SO,) to formnitric acid (HNO ;) and sulfuric acid
(H,SO,), respectively, portions of which becone incorporated
into aerosols as particulate nitrate and sul fate.

Meteorological Influences on Ozone Formation and Transport
The surface energy (radiation) budget of the earth
strongly influences the dynam cs of the PBL. The
redi stribution of energy through the PBL creates thernodynam c
conditions that influence vertical mxing. G ow ng evidence
indicates that the strict use of mxing heights in nodeling is
an oversinplification of the conplex processes by which
pol lutants are redistributed within urban areas, and that it
IS necessary to treat the turbulent structure of the
at nosphere directly and acknowl edge the vertical variations in
m xi ng. Energy bal ances therefore require study so that nore
realistic sinulations can be made of the structure of the PBL
Day-to-day variability in O ; concentrati ons depends
heavily on day-to-day variations in neteorol ogical conditions,
i ncludi ng tenperature, solar radiation, and the degree of
m xi ng that occurs between release of a pollutant or its
precursors and their arrival at a receptor; the occurrence of
inversion layers (layers in which tenperature increases with
hei ght above ground level); and the transport of O , left
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overnight in layers aloft and subsequent downward m xi ng of
that O, to the surface.

The transport of O, and its precursors beyond the urban
scale ( <50 km to neighboring rural and urban areas has been
wel | docunmented. Episodes of high O ; concentrations in urban
areas are often associated with high concentrations of O ,in
t he surroundings. Areas of O , accunulation usually are
characterized by synoptic-scal e subsidence of air in the free
troposphere, resulting in devel opnent of an el evated inversion
| ayer; relatively | ow wi nd speeds associated with the weak
hori zontal pressure gradient around a surface high pressure
system a lack of cloudiness; and high tenperatures.

Utraviolet (UV) radiation fromthe sun plays a key
role in initiating the photochem cal processes |eading to
O, formation and affects individual photolytic reaction steps.
Still, thereis little enpirical evidence in the literature
i nki ng day-to-day variations in observed UV radiation |evels
to variations in O, levels. An association, however, between
tropospheric O, concentrations and tenperature has been
denonstrated. Enpirical data from four urban areas, for
exanpl e, show an apparent upper bound on O ; concentrations
that increases with tenperature. A simlar qualitative
rel ationship exists at a nunber of rural |ocations.

The rel ationship between wind speed and O ; buil dup
varies fromone part of the country to another.

Statistical techniques (e.g., regression techniques)
can be used to help identify real trends in O , concentrations,
both intra- and interannual, by normalizing neteorol ogi ca
variability.

Precursors
Vol atil e Organi ¢ Conpound Em ssions

Hundreds of VOCs, usually containing from2 to
12 carbon atons, are emtted by evaporative and conbustion
processes froma | arge nunber of source types. Total U S
ant hr opogeni ¢ VOC emi ssions in 1991 were estimated at 21.0 Tg;
the two | argest source categories were (1) industrial
processes (10.0 Tg) and (2) transportation (7.9 Tg).
Em ssi ons of VOCs from hi ghway vehicl es accounted for al nost
75% of the transportation-rel ated em ssions; studi es have
shown that the majority of these VOC em ssions cone from about
20% of the autonobiles in service, many, perhaps nost, of
which are older cars that are poorly maintai ned. The accuracy
of VOC em ssion estimates is difficult to determne for both
stationary and nobil e sources.

Vegetation emts significant quantities of VOCs into
t he at nosphere, chiefly nonoterpenes and i soprene, but al so
oxygenat ed VOCs, according to recent studies. The nost recent
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bi ogeni ¢ VOC em ssions estimate for the United States showed
annual em ssions of 29.1 Tg/year.

Al t hough the bi ogenic VOC eni ssion estinmates exceed the
ant hr opogeni ¢ esti mates, the biogenic em ssions are nore
diffusely distributed than the anthropogeni c em ssions, which
tend to be concentrated in population centers. However, the
| arge uncertainties in both biogenic and ant hropogeni ¢ VOC
em ssion inventories prevent establishing the relative
contributions of these two categories.
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Ni trogen Oxi des Em ssions

Ant hr opogeni ¢ NO, i s associated with conmbustion
processes. The primary pollutant emtted is NO forned at
hi gh conbustion tenperatures fromnitrogen and oxygen in the
air and fromnitrogen in the conmbustion fuel. Em ssions of
NO, in 1991 in the United States totaled 21.39 Tg. The two
| argest single NO, em ssion sources are electric power
generating plants and hi ghway vehicles. Because a |arge
proportion of anthropogenic NO , enmi ssions conme fromdi stinct
poi nt sources, published annual estinates are thought to be
much nore reliable than VOC esti nmat es.

Nat ural NO, sources include stratospheric intrusion,

oceans, lightning, soil, and wldfires. Lightning and soi
em ssions are the only two significant natural sources of NO
inthe United States. It is estimted that conbi ned natura

sources contribute about 2.2 Tg of NO , to the troposphere over
the continental United States; however, uncertainties in
natural NO, em ssion inventories are nuch greater than those
for ant hropogeni c NO , em ssi ons.

Concentrations of Volatile Organic Conpounds in Anmbient Air
The VOCs nost frequently analyzed in anbient air are
t he nonnet hane hydrocarbons (NMHCs). Morning (6:00 to 9:00
a.m) concentrations nost often have been neasured because of
the use of norning data in the Enpirical Kinetic Mdeling
Approach (EKMA) and in air quality simulation nodels.
Concurrent neasurenents of anthropogeni c and bi ogenic
NVHCs have shown that biogenic NVHCs usually constituted nuch
| ess than 10% of the total NWHCs. For exanple, average
i soprene concentrations ranged from0.001 to 0.020 ppm
carbon (C and terpenes from0.001 to 0.030 ppm C.

Concentrations of Nitrogen Oxides in Anbient Air
Measurenents of NO, nmade in 22 and 19 U.S. cities in
1984 and 1985, respectively, showed nedian 6:00-t0-9:00 a. m
NO, concentrations ranging fromO0.02 to 0.08 ppmin nost of
these cities. Nonurban NO , concentrations, reported as
aver age seasonal or annual NO ,, range from <0.005 to 0.015

ppm

Rati os of Concentrations of Nonnethane Organic Conmpounds to
Ni t rogen Oxi des

Rati os of 6:00-t0-9:00 a.m nonnethane organic
compounds (NMOC) to NO , are higher in southeastern and
southwestern U.S. cities than in northeastern and m dwestern
US. cities, according to data fromEPA' s nulticity studies
conducted in 1984 and 1985. Rural NMOC/NO , ratios tend to be
hi gher than urban ratios. The NMOC/NO , ratios trended
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downward to well below 10 in the South Coast Air Basin and in
cities in the eastern United States during the 1980s. Based

on these | ow ratios, hydrocarbon control should be nore
effective than NO, control within a nunber of cities. NMorning
(6:00-t0-9:00 a.m) NMOC/NO , ratios are used in the EKMA type
of trajectory nodel. The correlation of NMOC/NO , ratios with
maxi mum 1-h O, concentrations, however, was weak in a recent
anal ysi s.

Sour ce Apportionment and Reconciliation

Sour ce apportionnent (regarded as synonynous wth
receptor nodeling) refers to determ ning the quantitative
contributions of various sources of VOCs to anbient air
pol | utant concentrations. Source reconciliation refers to the
conpari son of neasured anmbi ent VOC concentrations with
em ssions inventory estimtes of VOC source em ssion rates for
t he purpose of validating the inventories.

Recent findi ngs have shown that vehicle exhaust was the
dom nant contributor to anbient VOCs in seven of eight U S
cities studied. Wole gasoline contributions were estinmated
to be equal to vehicle exhaust in one study and to 20% of
vehi cl e exhaust in a second study.

Esti mates of biogenic VOCs at a downtown site in
Atlanta, GA, in 1990 indicated a lower limt of 2% (24-h
average) for the biogenic percentage of total anbient VOCs at
that |ocation (isoprene was used as the biogenic indicator
species). The percentage varies during the 24-h period
because of the diurnal (e.g., tenperature, light intensity)
dependence of isoprene concentrations.

Source reconciliation data have shown di sparities
bet ween em ssion inventory estimtes and receptor-estinmated
contributions. For biogenics, em ssion estinmates are greater
than receptor-estinmated contributions. The reverse has been
true for natural gas contributions estimated for Los Angel es,
CA; Col unbus, OH, and Atlanta; and for refinery emssions in
Chi cago, |IL.

0zone Air Quality Models
Model s and Their Conponents

Phot ochemical air quality nodels are used to predict
how O, concentrations change in response to prescribed changes
in source em ssions of NO , and VOCs. These nodel s operate on
sets of input data that characterize the em ssions,
t opogr aphy, and neteorol ogy of a region and produce outputs
t hat describe air quality in that region.

Two ki nds of photochem cal nodels are recomended in
gui del i nes issued by EPA: (1) the use of EKMA is accepted
under certain circunstances, and (2) the grid-based U ban
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Ai rshed Mbdel (UAM is recommended for nodeling O , over urban
areas. The 1990 Cean Air Act Arendnments mandate the use of

t hree-di nmensi onal (grid-based) air quality nodels such as UAM
in devel oping state inplenentation plans for areas designated
as "extrene", "severe", "serious", or "multistate noderate".
General descriptions of EKMA and grid-based nodel s were given
in the 1986 EPA criteria docunent for O ..

The EKMA- based nethod for determining O ; contro
strategies has limtations, the nost serious of which is that
predi cted em ssions reductions are critically dependent on the
initial NVHC/ NO, ratio used in the calculations. This ratio
cannot be determned with any certainty and i s expected to be
quite variable in tine and space in an urban area.

Spatial and tenporal characteristics of VOC and NO
em ssions are major inputs to a grid-based photochenical air
quality nodel. G eater accuracy in em ssions inventories is
needed for biogenics and for both nobile and stationary source
conponents. Gid-based air quality nodels also require as
i nput the three-dinensional wind field for the photochem ca
epi sode bei ng simul at ed.

A chem cal kinetic mechanism representing the
i nportant chem cal reactions that occur in the atnosphere, is
used in an air quality nodel to estinmate the net rate of
formati on of each pollutant sinmulated as a function of tine.

Dry deposition is an inportant renoval process for
O, on both urban and regional scales and is included in all
urban- and regional -scale nodels. Wt deposition is generally
not included in urban-scal e photochem cal nodels, because
O, epi sodes do not occur during periods of significant clouds
or rain.

Concentration fields of all species conmputed by the
nodel nust be specified at the beginning of the simnulation
("initial conditions"). These initial conditions are
determ ned mainly with anbi ent neasurenents, either from
routinely collected data or from special studies; but
i nterpolation can be used to distribute the surface anbi ent
nmeasur enent s.

Use of Ozone Air Quality Models

Phot ochemi cal air quality nodels are used for contro
strategy evaluation by first denonstrating that a past episode
or epi sodes can be sinul ated adequately. The hydrocarbon or
NO, em ssions or both are reduced in the nodel inputs, and the
effects of these reductions on O ; in the region are assessed.
The adequacy of control strategies based on grid-based nodel s
depends, in part, on the nature of input data for simulations
and nodel validation, on input em ssions inventory data, and
on the m smatch between the spacial output of the nodel and
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the current formof the NAAQS for O , Uncertainties in nodels
obviously can affect their outputs. Uncertainties exist in

all components of grid-based O ; air quality nodels:

em ssi ons, neteorological nodul es, chem cal nechani sns,
deposition rates, and determ nation of initial conditions.

Gi d-based nodel s that have been wi dely used to
eval uate control strategies for O , or acid deposition, or
both, are the UAM the California Institute of
Technol ogy/ Carnegi e Institute of Technol ogy nodel, the
Regi onal Oxi dant Model, the Acid Deposition and Oxi dant Model,
and the Regional Acid Deposition Mddel. The UAM (Version 1V)
is the grid nodel approved nationw de for control strategy
devel opnent at this tine.

Despite the nmany uncertainties in photochem cal air
qgual ity nodeling, including em ssion inventories, these nodels
are essential for regulatory analysis and solving the
O, problem Gid-based O ; air quality nodeling is superior to
the available alternatives for O ,; control planning, but the
chances of its incorrect use nust be mnimzed.

Analytical Methods for Oxidants and Their Precursors
Oxi dant s

Current nethods used to neasure O ,; are
chem | um nescence (CL); UV absorption spectronetry; and newy
devel oped spectroscopi c and chem cal approaches, including
chem cal approaches applied to passive sanpling devices (PSDs)
for O..

The CL net hod has been designated as the reference
met hod by EPA. Detection limts of 0.005 ppmand a response
time of <30 s are typical of currently avail able commerci al
instrunments. A positive interference from at nospheric water
vapor was reported in the 1970s and recently has been
confirmed. Proper calibration can mnimze this source of
error.

Conmmerci al UV photoneters for nmeasuring O ; have
detection limts of about 0.005 ppmand a response tine of <1
mn. Because the nmeasurenent is absolute, UV photonetry is
al so used to calibrate O ; nethods. A potential disadvantage
of WV photonetry is that atnospheric constituents that absorb
254-nmradi ati on, the wavelength at which O ; is neasured, wll
cause a positive interference in O ,; neasurenents.

I nterferences have been reported in two recent studies, but
assessnment of the potential inportance of such interferences
(e.g., toluene, styrene, cresols, nitrocresols) is hindered by
| ack of absorption spectra data in the 250-nmrange and by

| ack of aeronetric data for the potentially interfering
species. There al so can be sone interference fromwater,

possi bly fromthe condensation of noisture in sanpling lines.
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Cal i bration of O, neasurenent nethods (other than PSDs)
is done by WV spectronetry or by gas-phase titration (GPT) of
O, with NO Utraviolet photonmetry is the reference
calibration nmethod approved by EPA. (Ozone is unstable and
nmust be generated in situ at tinme of use to produce
calibration m xtures.

Peroxyacetyl nitrate and the hi gher peroxyacyl nitrates
normal |y are neasured by gas chromat ography (GC) using an
el ectron capture detector. Detection limts have been
extended to 1 to 5 ppt. The preparation of reliable
calibration standards is difficult because PAN is unstabl e,
but several nethods are avail abl e.

Vol atil e Organi ¢ Conmpounds

The nmet hod reconmended by EPA for total NMOC
measur enment involves the cryogenic preconcentration of NMOCs
and the nmeasurenent of the revolatilized NMOCs using flane
ionization detection (FID). The primary technique for
speci at ed NMOC/ NMHC neasurenents i s cryogeni c preconcentration
followed by GC-FID. Systens for sanpling and anal ysis of VOCs
have been devel oped that require no liquid cryogen for
operati on.

Stai nl ess steel canisters have becone the containers of
choice for collection of whole-air sanples for NVHC NMOC dat a.
Cal i bration procedures for NMOC i nstrunentation require the
generation, by static or dynam c systens, of dilute mxtures
at concentrations expected to occur in anbient air

Preferred nethods for neasuring carbonyl species
(al dehydes and ketones) in anbient air are spectroscopic
net hods; on-line colorinetric nmethods; and, the nost common
met hod currently in use for neasuring gas-phase carbonyl
conpounds in anbient air, the high-performance |iquid
chr omat ogr aphy net hod, whi ch enpl oys
2, 4-di ni trophenyl hydrazi ne derivatization in a silica gel
cartridge. Use of an O ; scrubber has been recommended to
prevent interference by O ; in this nmethod in anbient air.

Oxi des of Nitrogen

Nitric oxide and NO , conprise the NO, conpounds invol ved
as precursors to O, and ot her photochem cal oxidants.

The nost conmon net hod of NO neasurenent is the gas-
phase CL reaction with O ;, which is essentially specific for
NO. Commercial NO nonitors have detection limts of a few
parts per billion by volunme (ppbv) in anbient air but may not
have sensitivity sufficient for surface neasurenents in rura
or renote areas or for airborne nmeasurenents. Direct
spectroscopi ¢ nmethods for NO exist that have very high
sensitivity and selectivity for NO but their conplexity,
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size, and cost restrict these nethods to research
applications. No PSDs exist for neasurenment of NO

Chem | um nescence anal yzers are the tools of choice for
NO, neasurenent, even though they do not neasure NO , directly.
M ni num detection | evels for NO , have been reported to be 5 to
13 ppb, but nore recent eval uations have indicated detection
[imts of 0.5 to 1 ppbv. Reduction of NO , to NOis required
for nmeasurenent. These analyzers actually neasure NO , (NO, +
PAN + HNO, + other reactive nitrogen species); however, for
nost urban at nospheres, NO , is the predom nant species
nmeasured diurnally.

Several spectroscopic approaches to NO , detection have
been devel oped but share the drawbacks of spectroscopic NO
nmet hods. Passive sanplers for NO , exist but are still in the
devel opnental stage for anbient air nonitoring.

Cal i bration of nethods for NO nmeasurenent is done using
standard cylinders of NOin nitrogen. Calibration of methods
for NO, nmeasurenent include use of cylinders of NO , in nitrogen
or air, use of perneation tubes, and GPT.

1.4 Environmental Concentrations, Patterns, and Exposure

Estimates
Ozone is neasured at concentrati ons above the ni ni num
detectable level at all nonitoring locations in the world. In

this section, hourly average concentration and exposure
information is summarized for urban, rural forested, and rural
agricultural areas in the United States.

Because O, fromurban area em ssions is transported to
rural downw nd | ocations, elevated O , concentrations can occur
at consi derabl e di stances from urban centers. Urban
O, concentration values are often depressed because of
titration by NO Because of the absence of chem cal
scavengi ng, O, tends to persist longer in nonurban areas than
i n urban areas, and nonurban exposures may be hi gher than
those in urban | ocations.

Trends

Ozone hourly average concentrations have been recorded
for many years by the state and local air pollution agencies
who report their data to EPA. The 10-year (1983 to 1992)
conposite average trend for the second highest daily maxi mum
hourly average concentration during the O ; season shows t hat
the 1992 conposite average for the trend sites was 21% | ower
than the 1983 average. The 1992 val ue was the | owest
conposi te average of the 10-year period and was significantly
| ess than each of the previous nine years, 1983 to 1991. The
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relatively high O, concentrations in 1983 and 1988 |ikely were
attributable, in part, to hot, dry, stagnant conditions in
sonme areas of the country, which were especially conducive to
O, formation.

From 1991 to 1992, the conposite nean of the second
hi ghest daily nmaxi mum 1-h O , concentrations decreased 7% and
t he conposite average of the nunber of estinated exceedances
of the O, standard decreased by 23% Nati onwi de VOC em ssi ons
decreased 3% from 1991 to 1992. The conposite average of the
second daily maxi mum concentrations decreased in 8 of the 10
EPA regions from 1991 to 1992, and remai ned unchanged in
Region VI1. Except for Region VII, the 1992 regiona
conposite neans were | ower than the correspondi ng 1990 | evels.
Al t hough et eorol ogi cal conditions in the east during 1993
were nore conducive to O ; than those in 1992, the conposite
mean | evel for 1993 was the second | owest conposite average of
t he decade, 1984 to 1993.

Surface Concentrations

Publ i shed data provi de evi dence show ng the occurrence
at sonme sites of nultihour periods within a day of O ; at
| evel s of potential health effects. Al though nost of these
anal yses were made using nonitoring data collected fromsites
in or near nonattai nment areas, in one analysis of five sites
(two in New York state, two in rural California, and one in
rural Okl ahoma), none of which was in or near a nonattai nnment
area, O, concentrations showed only noderate peaks but showed
mul ti hour | evels above 0.1 ppm

A smal |l anmount of the O ; concentration neasured at a
monitoring site is produced by sources distant to the
phot ochem cal reactions occurring on an urban or regional
scal e. Typical sources include stratospheric intrusions into
t he troposphere, photochem cal production by the CH , CO NO,
cycle in the troposphere, and transport of very distant
ant hr opogeni ¢ or biogenic VOCs and NO ,. The specific
concentrations of this "background® O ; vary with averagi ng
times ranging fromthe daily 1-h maximumto daily, nonthly,
seasonal, or annual values. The background concentrations
al so vary with geographical region and with el evation of the
nmonitoring site.

On the basis of O, data fromisolated nonitoring sites,
EPA has indicated that a reasonable estimate of O , background
concentration near sea level in the United States is from
0.020 to 0.035 ppmfor an annual average, 0.025 to 0.045 ppm
for an 8-h daily sumer seasonal average, and fromO0.03 to
0.05 ppmfor the average summertine 1-h daily maximum This
estimate includes a 0.005 to 0.015 ppm O 5 contribution from
stratospheric intrusions into the troposphere.
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Diurnal Variations

Diurnal patterns of O, may be expected to vary with
| ocation, depending on the bal ance anong the many factors
affecting O, formation, transport, and destruction. Although
they vary with locality, diurnal patterns of O , typically show
arise in concentration fromlow |l evels, or |evels near
m ni mrum det ect abl e anobunts, to an early afternoon peak. The
diurnal pattern of concentrations can be ascribed to three
si mul t aneous processes: (1) downward transport of O ; from
| ayers aloft, (2) destruction of O , through contact with
surfaces and through reaction with NO at ground | evel, and (3)
in situ photochem cal production of O ..

Seasonal Patterns

Seasonal variations in O ,; concentrations in urban areas
usual |y show the pattern of high O ; in the late spring or in
the sumrer and low |l evels in the winter; however, weather
conditions in a given year nay be nore favorable for the
formati on of O, and ot her oxidants than during the prior or
foll ow ng year

Average O, concentrations tend to be higher in the
second versus the third quarter of the year for many isol ated
rural sites. This observation has been attributed to either
stratospheric intrusions or an increasing frequency of slow
nmovi ng, high-pressure systens that pronote the formation of
O,. However, for several clean rural sites, the highest
exposures have occurred in the third quarter rather than in
the second. For rural O ,; sites in the southeastern United
States, the daily maxi mum 1-h average concentrati on was found
to peak during the sunmer nonths.

Spatial Variations

Concentrations of O; vary with altitude and with
|atitude. There appears to be no consistent concl usion
concerning the rel ati onship between O ; exposure and el evation

Indoor Ozone

Until the early 1970s, very little was known about the
O, concentrations experienced inside buildings; to date, the
dat abase on this subject is not |large, and a w de range of
i ndoor/ outdoor O, concentration relationships can be found in
the literature (reported indoor/outdoor values for O , are

hi ghly variable). |ndoor/outdoor O ; concentration ratios
generally fall in the range fromO0.1 to 0.7 and i ndoor
concentrations of O, alnobst invariably will be | ess than
out doors.

Estimating Exposure
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Both fixed-site nonitoring information and human
exposure nodels are used to estimate risks associated with
O, exposure. Because, for nbst cases, it is not possible to
estimate popul ati on exposure solely fromfixed-station data,
several human exposure nodel s have been devel oped. These
nodel s al so contain subnodel s depicting the sources and
concentrations likely to be found in each m croenvironment,

i ncl udi ng indoor, outdoor, and in-transit settings. Two

di stinct types of O, exposure nodels exist: (1) those that
focus narrowy on predicting indoor O ; levels and (2) those
that focus on predicting O ; exposures on a comunity-w de
basis. These latter nodels and their distinguishing features
are:

1. PNEM O, based on the National Air Quality

St andar ds Exposure Model (NEM series of nodels
« Uses nass-bal ance approach and seasona
considerations for I/Oratio estimation
» Variables affecting i ndoor exposure obtai ned by
Monte Carlo sanpling fromenpirical distributions
of measured dat a.
2. Systens Applications International (SAl)/NEM
* Mre districts and m croenvironnents and nore
det ai | ed mass-bal ance nodel than pNEM O ..
e Human activity data outdated and infl exible.
3. Regi onal Human Exposure Moddel (REHEX)
« More detail ed geographic resolution than NEM
e Uses California-specific activity data and
enphasi zes in-transit and out door
m croenvi ronnent s.
4. Event probability exposure nodel (EPEM
e Estimates probability that a randomy sel ected
person will experience a particul ar exposure
regi nme.
* Lacks multiday continuity.

Few data are avail able for individuals using persona
exposure nonitors. Results froma pilot study denonstrated
that fixed-site anbient neasurenents nmay not adequately
represent individual exposures. Mddels based on tine-weighted
i ndoor and outdoor concentrations explained only 40% of the
variability in personal exposures.

Peroxyacyl Nitrates

Per oxyacetyl nitrate and peroxypropionyl nitrate (PPN)
are the nost abundant of the non-O ; oxidants in anbient air in
the United States, other than the inorganic nitrogenous
oxi dants such as NO , and possibly HNO, Mst of the avail able
data on concentrations of PAN and PPN in anbient air are from
urban areas. The levels to be found in nonurban areas will be
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hi ghl y dependent on the transport of PAN and PPN or their
precursors from urban areas, because the concentrations of the
NO, precursors to these conpounds are considerably |ower in
nonur ban areas than in urban areas.
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Co-occurrence

Studi es of the joint occurrence of gaseous NO ,/ QO and
SO/ O, at rural sites have concluded that the periods of co-
occurrence represent a small portion of the potenti al
pl ant-growi ng period. For human anbi ent exposure
consi derations, in nost cases, the sinultaneous co-occurrence
of NO,/ O, and SO,/ O; was i nfrequent. Sone researchers have
reported the joint occurrence of O ;, nitrogen, and sulfur in
forested areas, conbining cunul ative exposures of O , with data
on dry deposition of sulfur and nitrogen. One study reported
t hat several forest |andscapes wth the highest dry deposition
| oadi ngs of sulfur and nitrogen tended to experience the
hi ghest average O, concentrations and | argest cunul ative
exposure. Al though the authors concluded that the joint
concentrations of multiple pollutants in forest |andscapes
were inportant, nothing was nentioned about the hourly co-
occurrences of O,; and SO, or O, and NO,. Acid sulfates, which
are usual ly conposed of H ,SO,, ammoni um bi sul fate, and anmoni um
sul fate, have been neasured at a nunber of |ocations in North
America. The potential for O ; and acidic sulfate aerosols to
co-occur at sone |ocations in sone form(i.e., sinultaneously,
sequentially, or conplex-sequentially) is real and requires
further characterization. For human anbi ent exposures, the
si mul t aneous co-occurrence of NO , and O; was infrequent.

In one study, the relationship between O ; and hydrogen
ions in precipitation was explored using data fromsites that
noni tored both O,; and wet deposition sinultaneously and wthin
one mnute |atitude and | ongitude of each other. It was
reported that individual sites experienced years in which both
hydrogen ion deposition and total O ; exposure were at | east
noderately high. Wth data conpiled fromall sites, it was
found that relatively acidic precipitation occurred together
wth relatively high O ; |l evels approximately 20% of the tine,
and highly acidic precipitation occurred together with a high
O, level approximately 6% of the tinme. Sites nost subject to
relatively high I evels of both hydrogen ions and O ,; were
| ocated in the eastern part of the United States, often in
nount ai nous ar eas.

The co-occurrence of O ; and acidic cloudwater in high-
el evation forests has been characterized. The frequent O .-
only and pHonly single-pollutant episodes, as well as the
si mul t aneous and sequential co-occurrences of O ; and acidic
cl oudwat er, have been reported. Both sinmultaneous and
sequenti al co-occurrences were observed a few tinmes each nonth
above cl oud base.
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1.5 Environmental Effects of Ozone and Related

Photochemical Oxidants

Ozone is the gaseous pollutant nost injurious to
agricultural crops, trees, and native vegetation. Exposure of
vegetation to O, can inhibit photosynthesis, alter carbon
(carbohydrate) allocation, and interfere with mycorrhi zal
formation in tree roots. Disruption of the inportant
physi ol ogi cal processes of photosynthesis and carbon
al l ocati on can suppress the growth of crops, trees, shrubs,
and herbaceous vegetation by decreasing their capacity to form
t he carbon (energy) conpounds needed for growth and
mai nt enance and their ability to absorb the water and m neral
nutrients that they require fromthe soil. 1In addition, |oss
of vigor inmpairs the ability of trees and crops to reproduce
and i ncreases their susceptibility to insects and pat hogens.
The foll owi ng section summari zes key environnmental effects
associated with O, exposure.

Effects on Agroecosystems
Met hodol ogi es Used in Vegetati on Research

Most of the know edge concerning the effects of O , on
vegetati on comes fromthe exposure-response studies of
i mportant agricultural crop plants and sonme sel ected forest
and urban tree species, nostly as seedlings. A variety of
nmet hodol ogi es have been used, ranging fromfield exposures
wi t hout chanbers to open-top chanbers and to exposures
conducted in chanbers under highly controlled conditions.
In general, the nore controlled conditions are nost
appropriate for investigating specific responses and for
providing the scientific basis for interpreting and
extrapol ating results. The greatest body of know edge is from
OrC st udi es.

Mode of Action

Leaves are inportant regulators of plant stress and
function. Stress resulting fromexposure to O , produces a
| eaf - medi at ed response. Effects expressed within cells in the
leaf (i.e., inhibition of photosynthesis) affect a plant's
carbon (energy) budget. Plant processes are inpaired only by
the O, that enters the plant through the stomata (opening in
the | eaves). An effect will occur only if sufficient
O, reaches sensitive sites within the leaf cells. The uptake
and novenent of O,; to sensitive cellular sites within a | eaf
are subject to various biochem cal and physiol ogi cal controls.
Leaf injury will not be detected if the rate of uptake is
smal | enough for the plant to detoxify or metabolize O ; and
its derivatives, or the plant is able to repair or conpensate
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for the inpact at a rate equal to or greater than the rate of
upt ake. I npairment of |leaf cellular processes is the basis
for all other plant effects. The diurnal pattern of stomatal
opening plays a critical role in O ; uptake, particularly at
t he canopy | evel.

Visible injury is usually the first observable
i ndication of cellular response; injury can occur, however,
with no visible effects. Early senescence of |eaves or
needles is also a result of cellular response. |npairnent of
cellul ar processes inhibits the rate of photosynthesis,
reduces carbon (sugars, carbohydrate) production, and alters
carbon allocation, causing a shift in growh pattern that
favors shoots over roots. The reduced allocation of carbon to
| eaf repair and new |l eaf formation limts the availability of
carbon for reproduction; stem and root growh; and,
particularly, the formation of the nycorrhizae on roots
necessary for nutrient and water uptake. Reduction of plant
vigor by O, can result in nortality, particularly when pl ant
susceptibility to insects and pathogens is increased.

Factors That Modify Pl ant Response

Pl ant response to O, exposure is influenced by a
vari ety of biological, chemcal, and physical factors. Wen
determ ning the inpact of O ; exposure on plants, both the
i nfluence of environnmental factors on plant response and the
effects of O, on that response nust be considered. Biological
factors within plants that affect their response to stresses
i nclude, genetic conposition, stage of devel opnent, and the
diurnal pattern of stomatal opening. Genotype significantly
i nfluences plant sensitivity to O ,. Individuals, varieties,
and cultivars of a species are known to differ greatly in
their responses to a given O ; exposure. Genotype al so
i nfluences the ability of plants to conpete with one anot her
for space, nutrients, light, and water.

The magni tude of response of a particul ar species,
variety, or cultivar depends on a nunber of environnental
factors. The plant's present and past environnental mli eu,
whi ch includes the tenporal exposure pattern and stage of
devel opnent, dictates the plant response. The corollary is
al so true: exposure to O ; can nodify plant response to ot her
envi ronnental variables. Available |light, tenperature,
at nospheric turbul ence and noisture, in both the atnosphere
and soil; soil nutrition; and exposure to and interaction with
ot her pollutants such as agricultural chem cal sprays al so
i nfluence the magni tude of plant response.

Dr ought can reduce visible injury and the adverse
effects of O; on growmh and yield of crops. However, in the
case of crops, drought, per se, nmuch nore adversely affects
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yield than the effects of O ;. (Ozone, on the other hand, tends
to reduce the water-use efficiency of well-watered crops. 1In
sonme plants, O, exposure reduces col d/wi nter hardi ness.

Al t hough exposure to O ; tends to reduce attacks by obligate
pat hogens, susceptibility of plants to facultative pests and
pat hogens i ncreases.

Ef fects-Based Air Quality Exposure Indices

Envi ronnmental scientists for many years have attenpted
to characterize and mathenmatically represent plant exposures
to O,, A variety of averaging tinmes have been used. Although
nost studi es have characterized exposure by using nmean
concentrations, such as seasonal, nonthly, weekly, daily, or
peak hourly neans, other studies have used cumul ative neasures
(e.g., the nunber of hours above sel ected concentrations).
None of these statistics conpletely characterizes the
rel ationshi ps anmong O ; concentration, exposure duration,

i nterval between exposures, and pl ant response.

The use of a nean concentration with |ong averagi ng
times inplies that all concentrations of O ; are equally
effective in causing plant responses and m nim zes the
contributions of the peak concentrations to the response.
Ozone effects are cunul ative; therefore, exposure duration
should be included in any index if it is to be biologically
rel evant. Present evidence suggests that cumul ative effects
of episodic exposures to either peak or m d-range
concentrations, or both, can play an inportant role in
produci ng growt h responses. The key to plant response is
ti m ng because peak and m d-range concentrations do not occur
at the sane tinme. Potentially, the greatest effect of O ; on
plants will occur when stomatal conductance is greatest. Wen
peaks occur at the tine of greatest stomatal conductance, the
effect of m d-range concentrations will not be observable.

At nospheri c conductivity also strongly influences plant
response because O, nust be in contact wwth the | eaf surface
if it is to be taken up by a plant. Effects on vegetation
appear when the anount of pollutant entering exceeds the
ability of the plant to repair or conpensate for the inpact.

I ncreasing uptake of O ; will inhibit photosynthesis and result
in increased reductions in biomass production.

An i ndex of ambi ent exposures that relates well to
pl ant response should incorporate, directly or indirectly,
environnental influences (e.g., tenperature, humdity, soil-
noi sture status) and exposure dynam cs. Peak indices (e.qg.,
second highest daily maxinmum) inply that a single high-
concentration exposure (1- or 8-h concentration) during the
course of a 70- to 120-day growi ng season is related to
eventual yield or growth reductions. On the other hand, nean
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indices (e.g., 7-h seasonal nean) inply that duration of the
exposure is not inportant, and that all concentrations have
equal effect on plants. Neither of these indices relates
anbi ent O; concentrations to biological effects on plants
because these indices do not consider the duration of
exposure. An index that cunulates all hourly concentration
during the season and gives greater weight to higher
concentrations appears to be a nore appropriate index for

rel ati ng anbi ent exposures to growth or yield effects.

No experinmental studies have been designed specifically
to eval uate the adequacy of the various peak-wei ghted indices
t hat have been proposed. |In retrospective analyses in which
O, is the primary source of variation in response, year-to-
year variations in plant response are mnimzed by peak-
wei ght ed, cunul ative exposure indices. However, a nunber of
different forns of peak-weighted, cumulative indices have been
exam ned for their ability to properly order yield responses
fromthe | arge nunber of studies of the National Crop Loss
Assessnent Network (NCLAN) program These exposure indices
(i.e., SUMDO, SUMD6, SIGVMO D, WL26) all perforned equally
well, and it is not possible to distinguish anong themon the
basis of statistical fits of the data. The biol ogical basis
for these indices has not been determ ned.

Exposure Response of Plant Species

The enphasis of experinmental studies usually has been
on the nore economically inportant crop plants and tree
speci es, as seedlings. Crop species usually are nonocul tures
that are fertilized and, in many cases, watered. Therefore,
because crop plants are usually grown under opti nal
conditions, their sensitivity to O ; exposures can vary from
that of native trees, shrubs, and herbaceous vegetati on.

The concept of limting values was used in both the
1978 and 1986 criteria docunments to summarize visible foliar
injury. Limting values are defined as concentrations and
durations of exposure bel ow which visible injury does not
occur. The limt for visible injury indicating reduced pl ant
performance was an O ; exposure of 0.05 ppmfor several hours
per day for nore than 16 days. Wen the exposure period was
decreased to 10 days, the O ; concentration required to cause
injury was increased to 0.10 ppm A short, 6-day exposure
further increased the concentration to 0.30 ppm These
exposure and concentration periods apply for those crops where
appearance or aesthetic value (e.g, spinach, cabbage, |ettuce)
is considered inportant. Limting values for foliar injury to
trees and shrubs range fromO0.06 to 0.10 ppmfor 4 h.

The foll ow ng assertions can be nmade based on
information fromthe 1986 criteria docunent, its 1992
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suppl enent, and literature published since 1986. Anbient

O, concentrations in several regions of the country are high
enough to inpair gromh and yield of sensitive plant species.
This clearly is indicated by conparison of data obtained from
crop yield in charcoal -filtered and unfiltered (amnbient)
exposures. These elevated |evels are further supported by
data from studi es using chem cal protectants. These response
dat a nmake possible the extrapolation to plants not studied
experinmental ly. Both approaches nentioned above indicate that
effects occur with only a few exposures above 0.08 ppm Data
fromregression studi es conducted to devel op an exposure-
response function for estimating yield |loss indicated that at
| east 50% of the species and cultivars tested could be
predicted to exhibit a 10%vyield |loss at 7-h seasonal nean

O, concentrations of 0.05 ppmor |ess.

Effects on Natural Ecosystems

The responses of the San Bernardi no m xed forest of
Southern California to 50 or nore years of chronic ozone
exposures based on nmany studies, present a classic exanple of
ecosystemresponse to severe stress. Data froman inventory
conducted from 1968 through 1972 indicated that for 5 no of
each year, trees were exposed to O , concentrations greater
than 0.08 ppmfor nore than 1,300 h. Concentrations rarely
decreased bel ow 0. 05 ppm at night near the crest of the
nmount ai n sl ope, approximately 5,500 ft. |In addition, during
the years 1973 to 1978, average 24-h O ; concentrations ranged
froma background of 0.03 to 0.04 ppmin the eastern part of
the San Bernardi no Mountains to a maxi mumof 0.10 to 0.12 ppm
in the western part during May through Septenber.

Pl ants accumnul ate, store, and use the energy in carbon
compounds (sugars) produced during photosynthesis to build
their structures and to maintain the physiol ogi cal processes
necessary for life. The patterns of carbon allocation to
roots, stens, and |eaves directly influence growth. The
strategy for carbon allocation changes during the life of a
plant, as well as wth environnental conditions. Mature trees
have a higher ratio of respiration to photosynthetic tissue.
| mpai rment of phot osynthesis shifts carbon allocation from
growt h and mai ntenance to repair; increased respiration can
result in resource inbalances. The significant changes
observed in the San Bernardi no forest ecosystemwere a
possi bl e outconme of the conbined influences of O ; on carbon,
water, and nutrient all ocation.

The bi ochem cal changes within the | eaves of ponderosa
and Jeffrey pine in the San Bernardi no forest, expressed as
visible foliar injury, premature needl e senescence, reduced
phot osynt hesi s, and reduced car bohydrate production and
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al l ocation, resulted in reduced tree vigor, growh, and
reproduction. Reduced vigor increases susceptibility of trees
to insect pests and fungal pathogens. Premature needle
senescence alters m croorgani smal successi on on confer needl es
and changes the detritus-form ng process and associ at ed
nutrient cycling.

Al tered carbon allocation is inportant in the formation
of mycorrhizae (fungus roots), which are an extrenely
i nportant but unheral ded conponent of all ecosystens; the
majority of all plants depend on them because they are
integral in the uptake of mneral nutrients and water fromthe
soil. Carbon-containing exudates fromthe roots are necessary
for the formation of nycorrhizae. Reduced carbon allocation
to plant roots affects nycorrhizal formation and inpacts plant
growt h. Exposure to ozone, therefore, affects plant growh
bot h above and bel ow gr ound.

Smal | changes i n photosynthesis or carbon allocation
can alter profoundly the structure of a forest. Ecosyst em
responses to stress begin with the response of the nost
sensitive individuals of a population. Stresses, whose
primary effects occur at the nolecular level (within the
| eaves), nust be propagated progressively through nore
integrated | evels of organ physiology (e.g., |leaf, branch,
root) to whole plant physiology, then to popul ations wthin
the stand (conmmunity), and finally to the | andscape level to
produce ecosystemeffects. Only a small fraction of stresses
at the nol ecul ar | evel becone disturbances at the tree, stand,
or | andscape level. The tine required for a stress to be
propagated fromone |level to the next (it can take years)
det erm nes how soon the effects of the stress can be observed
or measur ed.

The primary effect of O ; on ponderosa and Jeffrey pine,
two of the nore susceptible nenbers of the San Bernardi no
forest conmmunity, was that the trees were no |l onger able to
conpete effectively for essential nutrients, water, light, and
space. Decline in the sensitive trees, a consequence of
altered conpetitive conditions, permtted the enhanced growh
of nore tolerant species. Renoval of the ecosystem dom nants
at the popul ation | evel changed its structure and altered the
processes of energy flow and nutrient cycling, returning the
ecosystemto a | ess conpl ex stage.

The San Bernardi no Mountains continue to experience
exposure to O, however, there has been a gradual decline in
concentrations and | ength of exposure. Ozone concentrations
of 0.06 ppmor higher of varying durations capable of causing
injury to trees in forest ecosystens have been observed during
the past 5 years in the Sierra Nevada Muntains and the
Appal achi an Mountains from Georgia to Maine. Visible injury
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to forest trees and other vegetation in these areas has been
observed.

Injury to sensitive trees from exposure to ozone
concentrations 0.06 ppmor greater in the Sierra Nevada
Mount ai ns and t he Appal achi an Mount ai ns has never had the
i npact on these ecosystens that it did on the San Bernardi no
forest. Forest stands differ greatly in age, species
conposition, stability, and capacity to recover from
di sturbance. In addition, the position in the stand or
community of the nbst sensitive species is extrenely
i mportant. Ponderosa and Jeffrey pine were the dom nant
species in the San Bernardino forest. Renoval of popul ations
of these trees altered both ecosystem structure and function.
Both the Sierra Nevada Muntains and the Appal achi an Mount ai ns
are biologically nore diverse. Renoval of sensitive
i ndi vidual s of eastern white pine and bl ack cherry has not
visibly altered the forest ecosystens al ong the Appal achi an
Mount ai ns, possi bly because of the absence of popul ation
changes in these species. Decline and di eback of trees on
M. Mtchell, NC, and Canel's Hunp, VT, cannot be rel ated
solely to O; injury.

Effects on Agriculture, Forestry, and Ecosystems. Economics

A nunber of econom c assessnents of the effects of
O, on agriculture have been perfornmed over the | ast decade.
Al l use NCLAN response data to predict crop yield changes.
Al t hough these studi es enpl oy sonewhat different econom c
assessnent net hodol ogi es, each shows national -1 evel econom c
| osses to major crops in excess of $1 billion (1990 doll ars)
from exposure to anbient concentrations of O ,  These studies
al so evaluate the sensitivity of the economc estimates to
uncertainties in data, including the NCLAN response data. The
econom ¢ assessnent nodels used could be adapted to future O ;-
crop yield response findings, if available.

The plant science literature shows that O , adversely
i nfl uences physi ol ogi cal performance of both urban and native
tree species; the limted econonmc literature al so
denonstrates that changes in growh have econonic
consequences. However, the natural science and econonic
literature on the topic are not yet mature enough to concl ude
unanbi guously that anbient O , is inposing economc costs. The
econom c effects of O, on ecosystens have not yet been
addressed in the published literature. There is, however, an
energing interest in applying econom c concepts and nethods to
t he managenent of ecosystens.

Effects on Materials
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Over four decades of research show that O ,; danages
certain materials such as el astoners, textile fibers, and
dyes. The anmount of danage to actual in-use materials and the
econom ¢ consequences of that damage are poorly characterized.

Nat ural rubber and synthetic polyners of butadiene,

i soprene, and styrene, used in products |like autonobile tires
and protective outdoor electrical coverings, account for nost
of the elastonmer production in the United States. The action
of O; on these conpounds is well known, and concentration-
response rel ati onshi ps have been established and corroborated
by several studies. These relationships, however, nust be
correlated with adequate exposure information based on product
use. For these and other economcally inportant materials,
protective neasures have been fornulated to reduce the rate of
oxi dative damage. Wen antioxidants and other protective
measures are incorporated in elastoner production, the

O;-i nduced danmage is reduced consi derably, although the extent
of reduction differs widely according to the material and the
type and amount of protective neasures used.

Both the type of dye and the material in which it is
incorporated are inportant factors in the resistance of a
fabric to O;. Sone dyed fabrics, such as royal blue and red
rayon-acetate and plumcotton are resistant to O ,. On the
ot her hand, anthraqui none dyes on nylon fibers are sensitive
to fading by O,. Field studies and | aboratory work show a
positive association between O ; levels and dye fading of nylon
materials. At present, the available research is insufficient
to quantify the anmbunt of damaged materials attributable to
G, al one.

The degradation of fibers fromexposure to O ; is poorly
characterized. 1n general, nost synthetic fibers, such as
nmodacrylic and polyester, are relatively resistant, whereas
cotton, nylon, and acrylic fibers have greater but varying
sensitivities to O,  (Qzone reduces the breaking strength of
these fibers, and the degree of strength reduction depends on
t he anount of noisture present. The limted research in this
area indicates that O, in anbient air may have a m ni mal
effect on textile fibers, but additional research is needed to
verify this concl usion.

A nunber of artists' pignents and dyes are sensitive to
O, and ot her oxidants; in particular, nmany organic pignments
are subject to fading or other color changes when exposed to
O,. Although nost, but not all, nodern fine arts paints are
nmore O, resistant, many ol der works of art are at risk of
per manent danage due to O ;-induced fading.

A great deal of work remains to be done to devel op
guantitative estimtes of the econom c danage to nmaterials
from phot ochem cal oxidants. Mst of the available studies

1-25



are outdated in ternms of O ; concentrations, technol ogies, and
suppl y-demand rel ati onships. Additionally, little is known
about the physical danmage functions, so cost estinates have
been sinplified to the point of not properly recogni zi ng many
of the scientific conplexities of the inpact of O .

1.6 Toxicological Effects of Ozone and Related
Photochemical Oxidants

Respiratory Tract Effects of Ozone
Bi ochem cal Effects

Knowl edge of nol ecul ar targets provides a basis for
under st andi ng nechani sns of effects and strengtheni ng ani mal -
t o- human extrapol ati ons. (Ozone reacts w th pol yunsat urat ed
fatty acids and sul fhydryl, am no, and sonme el ectron-rich
conpounds. These elenents are shared across species. Several
types of reactions are involved, and free radicals nmay be
created. Based on this know edge, it has been hypot hesi zed
that the O, nolecule is unlikely to penetrate the liquid
linings of the respiratory tract (RT) to reach the tissue,
rai sing the possibility that reaction products exert effects.

In acute and short-term exposure studies, a variety of
lung lipid changes occur, including an increase in arachidonic
acid, the further netabolism of which produces a variety of
bi ol ogi cal ly active nediators that can affect host defenses,
lung function, the i nmmune system and other functions.

The | evel of lung antioxi dant metabolismincreases
after O, exposure, probably as a result of the increase in the
nunber of Type 2 cells, which are rich in antioxidant enzynes.

Col l agen (the structural protein involved in fibrosis)
increases in Os;exposed lungs in a nanner that has been
correlated to structural changes (e.g., increased thickness of
the tissue between the air and bl ood after prolonged
exposure). Some studies found that the increased coll agen
persists after exposure ceases.

Cenerally, O; enhances | ung xenobiotic netabolismafter
both short- and | ong-term exposure, possibly as a result of
nor phol ogi cal changes (increased nunbers of noncili ated
bronchiolar epithelial cells). The inpact of this change is
dependent on the xenobiotics invol ved; for exanple, the
nmet abol i sm of benzo[ a]pyrene to active netabolites was
enhanced by O..

Lung Inflammtion and Pernmeability Changes

El evat ed concentrations of O , disrupt the barrier
function of the lung, resulting in the entry of conmpounds from
the airspaces into the blood and the entry of serum conponents
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(e.g., protein) and white blood cells (especially

pol ynor phonucl ear | eukocytes [PMNs]) into the airspaces and
lung tissue. This latter inpact reflects the initial stage of
inflammation. These cells can rel ease biologically active
nmedi ators that are capable of a nunber of actions, including
damage to other cells in the lung. 1In lung tissue, this

infl anmation al so can increase the thickness of the air-blood
barrier.

I ncreases in perneability and inflammati on have been
observed at levels as lowas 0.1 ppmO ,; (2 h/day, 6 days;
rabbits). After acute exposures, the influence of the tinme of
exposure (fromtwo to several hours) increases as the
concentration of O, increases. Long-termexposure effects are
di scussed under | ung norphol ogy.

The inpacts of these changes are not fully understood.
At higher O, concentrations (e.g., 0.7 ppm 28 days), the
di ffusion of oxygen into the bl ood decreases, possibly because
the air-blood barrier is thicker; cellular death may result
fromthe enzynes rel eased by the inflammatory cells; and host
defense functions may be altered by nediators.

Ef fects on Host Defense Mechani sns

Exposure to el evated concentrations of ozone results in
alterations of all defense nechanisns of the RT, including
mucoci | iary and al veol obronchi ol ar cl earance, functional and
bi ochem cal activity of the alveolar macrophage (AM, and
i mmunol ogi ¢ conpetence. These effects can cause
susceptibility to bacterial respiratory infections.

Mucoci |l i ary cl earance, which renoves particles and
cellular debris fromthe conducting airways, is slowed by
acute, but not repeated exposures to O ;. Cliated epithelia
cells that nove the nucous bl anket are altered or destroyed by
acute and chroni c exposures. Neonatal sheep exposed to O , do
not have nornal devel opnment of the nmucociliary system Such
effects could prolong the retention of unwanted substances
(e.g., inhaled particles) in the lungs, allowing themto exert
their toxicity for a | onger period of tine.

Al veol ar cl earance nechani sns, which center on the
functioning of AMs, are altered by O ;. Short-term exposure to
levels as lowas 0.1 ppmO ; (2 h/day, 1 to 4 days; rabbits)
accel erates cl earance, but |onger exposures do not. Even so,
after a 6-week exposure of rats to an urban pattern of O , the
retention of asbestos fibers in a region protected by al veol ar
cl earance is prol onged.

Al veol ar macrophages engulf and kill mcrobes, as wel
as clear the deeper regions of the lungs of nonviable
particles; AMs also participate in inmunol ogi cal responses,
but little is known about the effects of O ; on this function.
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Acut e exposures of rabbits to levels as low as 0.1 ppm

O, decrease the ability of AMs to ingest particles. This
effect is displayed in decreases in the ability of the lung to
kill bacteria after acute exposure of mce to |levels as | ow as
0.4 ppm O,.

Bot h the pul nbnary and systenic i mmune system are
affected by O, but in a poorly understood way. |t appears
that the part of the i mune system dependent on T-cel
function is nore affected than is the part dependent on B-cel
function.

Dysfunction of host defense systens results in enhanced
susceptibility to bacterial lung infections. For exanple,
acute exposure to O, concentrations as |ow as 0.08 ppm for
3 h can overcone the ability of mice to resist infection with
streptococcal bacteria, resulting in nortality. However, nore
prol onged exposures (weeks, nonths) do not cause greater
effects on infectivity.

Effects on antiviral defenses are nore conplex and | ess
wel | understood. Only high concentrations (1.0 ppmO 5, 3
h/ day, 5 days; mce) increase viral-induced nortality.
Apparently, O, does not inpact antiviral clearance nmechani sns.
Al t hough O, does not affect acute lung injury frominfluenza
virus infection, it does enhance | ater phases of the course of
an infection (i.e., postinfluenzal alveolitis).

Mor phol ogi cal Effects

El evat ed concentrations of O ; cause simlar types of
alterations in lung structure in all |aboratory ani mal species
studied, fromrats to nonkeys. 1In the |ungs, the nost
affected cells are the ciliated epithelial cells of the
airways and Type 1 epithelial cells of the gas-exchange
region. In the nasal cavity, ciliated cells are also
af f ect ed.

The centriacinar region (CAR the junction of the
conducting ai rways and gas-exchange regions) is the primry
target, possibly because this area receives the greatest dose
of O,, The ciliated cells can be killed and replaced by
nonciliated cells (i.e., cells not capable of clearance
functions that also have increased ability to netabolize sone
foreign compounds). Micous-secreting cells are affected, but
to a | esser degree. Type 1 cells, across which gas exchange
occurs, can be killed; they are replaced by Type 2 cells,
whi ch are thicker and produce nore lipids. An inflamuatory
response also occurs in the tissue. The tissue is thickened
further in |ater stages when collagen (a structural protein
increased in fibrosis) and other el ements accumnul at e.

Al t hough fibrotic changes have been observed in the CAR they
have not been distributed throughout the whol e I ung.
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The distal airway is renodel ed; nore specifically,
bronchi ol ar epitheliumreplaces the cells present in alveol ar
ducts. Concurrent inflammation may play a role. This effect
has been observed at 0.25 ppm O ,; (8 h/day, 18 np) in nonkeys;
at a higher concentration, this renodeling persists after
exposure stops.

The progression of effects during and after a chronic
exposure is conplex. Over the first few days of exposure,

i nfl ammati on peaks and then drops consi derably, plateauing for
the remai nder of exposure, after which it largely disappears.
Epi thelial hyperplasia increases rapidly over the first few
days and rises slowy or plateaus thereafter; when exposure
ends, it begins to return toward normal. In contrast,
fibrotic changes in the tissue between the air and bl ood

i ncrease very slowy over nonths of exposure, and, after
exposure ceases, the changes sonetines persist or increase.

The pattern of exposure can nake a nmajor difference in
effects. Monkeys exposed to 0.25 ppm O ,; (8 h/day) every ot her
nont h of an 18-no period had equi val ent changes in |ung
structure, nore fibrotic changes, and nore of certain types of
pul monary function changes than di d nonkeys exposed every day
over the 18 no. Fromthis work and rat studies, it appears
that natural seasonal patterns nay be of nobre concern than
nore continuous exposures. Thus, long-term animal studies
wi th uninterrupted exposures may underesti mate sone of the
effects of O..

The nor phol ogi c | esions described in early publications
on | aboratory aninmals exposed to O ; do not neet the current
criteria for enphysema of the type seen in human | ungs.

Ef fects on Pul nonary Function

Pul nonary function changes in aninmals resenbl e those
observed in humans after acute exposure.

Duri ng acute exposure, the nost conmonly observed
alterations are increased frequency of breathing and decreased
tidal volume (i.e., rapid, shallow breathing). This has been
reported at exposures as low as 0.2 ppmO , for 3 h (rats).
Typi cally, higher concentrations (around 1 ppm) are required
to affect breathing nmechanics (conpliance and resistance).

Ext ended characterizations of pul nonary function show types of
changes generally seen in humans. For exanple, there are
decreased lung volunes at levels >0.5 ppm O, (a few hours;
rats).

When rats are exposed to O ; for 2 h/day for 5 days, the
pattern of attenuation of pulnonary function responses is
simlar to that observed in humans. O her biochem ca
indicators of lung injury did not return to control val ues by
Day 5, and norphol ogi cal changes increased in severity over
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the period of exposure. Thus, attenuation did not result in
protection against all the effects of O ..

Long-term exposures have provided nixed results on
pul monary function, including no or mniml effects,
restrictive effects, and obstructive effects. Wen changes
occurred and post exposure exam nati ons were perforned,
pul monary function recovered.

Genotoxicity and Carcinogenicity of Ozone

The chemical reactivities of O ; give it the potenti al
to be a genotoxic agent.

In vitro studies are difficult to interpret because the
cul ture systens used allowed the potential formation of
artifacts, and high or very high concentrations of O , often
were used. Cenerally, in these studies, O ; causes DNA strand
breaks, sonetines is weakly nutagenic, and causes cellul ar
transformati on and chronosonal breakage. The latter finding
has been investigated in vivo, with m xed results in aninals.

The few earlier |long-term carcinogenic studies in
| aboratory aninmals, with or wi thout coexposure to known
carci nogens, are either negative or anbi guous.

The National Toxicol ogy Program (NTP) conpl eted chronic
rat and nouse cancer bi oassays using comonly accepted
experinmental approaches and designs. Both nmale and fenmale
rats and mce were studied. Aninmals were exposed for 2 years
(6 h/day, 5 days/week) to 0.12, 0.5, and 1.0 ppm O , or for a
lifetinme to the sanme levels (except 0.12 ppn). Follow ng
their standard procedures for determ nation of weight-of-
evi dence for carcinogenicity, the NTP reported "no evi dence”
in rats, "equivocal evidence" in male mce, and "sone
evidence" in female mce. The increases in adenonas and
carci nomas were observed only in the lungs. There was no
concentration response. One of the reasons for the
desi gnati on of "some evidence" in female mce was that when
the 2-year and |ifetine exposure studies were conbined, there
was a statistically significant increase in total tunors at
1.0 ppm Lung tunors fromcontrol and O ;-exposed mce al so
were exam ned for the presence of nutated Ha-ras oncogenes.

Al t hough the types of nutations found were simlar in both
groups, a higher incidence of nmutations was found in | ung
tunmors fromthe O ;-exposed mce. At the present tine,
however, there is inadequate information to provide
mechani stic support for the finding in mce. Thus, the
potential for animal carcinogenicity is uncertain.

In a conmpani on NTP study, male rats were treated with a
t obacco carci nogen and exposed for 2 years to 0.5 ppmO
Ozone did not affect the response and therefore had no tunor
pronoting activity.
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Systemic Effects of Ozone

Ozone causes a variety of effects on tissues and organs
distant fromthe lung. Because O ; itself is not thought to
penetrate the lung, these system c effects are either
secondary to lung alterations or result fromreaction products
of O,. Effects have been observed on clinical chemstry,
white blood cells, red blood cells, the circulatory system
the liver, endocrine organs, and the central nervous system
Most of these effects cannot be interpreted adequately at this
time and have not been investigated in humans, but it is of
interest to note that O ; exposures causing effects on the RT
of animals cause a wide array of effects on other organs al so.

Several behavi or changes occur in response to O ;. For
exanple, 0.12 ppm O, (6 h, rats) decreases wheel -running
activity, and 0.5 ppm (1 m n) causes mce to avoid exposure.
These effects are not fully understood, but they may be
related to lung irritation or decreased ability to exercise.

Al t hough cardi ovascul ar effects, such as sl owed heart
rate and decreased bl ood pressure, occur in O ,;-exposed rats,
sone observed interactions with thernoregul ati on prevent
qgual i tative extrapol ati on of these effects to humans at this
tinme.

Devel opnmental toxicity studies in pregnant rats
summarized in the 1986 O , criteria docunent showed that |evels
up to about 2.0 ppm O ; did not cause birth defects. Rat pups
fromfenal es exposed to 1.0 ppm O ; during certain periods of
gestati on wei ghed | ess or had del ays in devel opnent of
behaviors (e.g., righting, eye opening). No "classical"
reproductive assays with O ; were found.

O her studies have indicated that O ; can affect sone
endocrine organs (i.e., pituitary-thyroid-adrenal axis,
parathyroid gland). It appears that the liver has |ess
ability to detoxify drugs after O ; exposure, but assays of
liver enzynes involved in xenobiotic netabolismare
i nconsi stent.

Interactions of Ozone with Other Co-occurring Pollutants

Ani mal studies of the effects of O ; in conbination with
ot her air pollutants show that antagonism additivity, and
synergi smcan result, depending on the ani mal species,
exposure regi nen, and health endpoint. Thus, these studies
clearly denonstrate the nmajor conplexities and potenti al
i nportance of interactions but do not provide a scientific
basis for predicting the results of interactions under
unt est ed anbi ent exposure scenari 0s.
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1.7 Human Health Effects of Ozone and Related

Photochemical Oxidants

This section sunmari zes key effects associated with
exposure to O, the major conmponent of photochem cal oxi dant
air pollution that is clearly of nbst concern to the health of
t he human popul ation. Another, often co-occurring
phot ochem cal oxi dant conponent of "snobg" is PAN, but this
conpound has been denonstrated to be primarily responsible for
i nduction of snog-related eye irritation (stinging of eyes).
Limted pul monary function studi es have shown no effects of
PAN at concentrations below 0.13 to 0.30 ppm which are nuch
hi gher than the generally encountered anbient air levels in
nost cities.

Controlled Human Studies of Acute Ozone Effects
Ef fects on Lung Function

Controlled studies in healthy adult subjects have
denmonstrated O ,-induced decrenents in pul monary function,
characterized by alterations in lung volunes and fl ow and
ai rway resistance and responsi veness. Respiratory synptons,
such as cough and pain on deep inspiration, are associated
wi th these changes in |ung function.

Ozone-i nduced decreases in |ung volume, specifically
forced vital capacity (FVC and forced expiratory volunme in 1
s (FEV,), largely can be attributed to decreases in
inspiratory capacity (the ability to take a deep breath),
al t hough at hi gher exposure concentrations, there is clearly
an additional conmponent that is not vol une dependent. Lung
vol unes recover to a large extent within 2 to 6 h; norma
baseline function typically is reestablished within 24 h, but
not fully with nore severe exposures.

Ozone causes increased airway resistance and may cause
reductions in expiratory flow and the FEV ,/FVC ratio.

Ozone causes an increase in airway responsiveness to
nonal l ergenic stimuli (e.g., histam ne, nethacholine) in
heal t hy and asthmatic subjects. There is no clear evidence of
a relationship between O ;-induced | ung vol unme changes and
changes in airway responsiveness.

| nfl anmati on and Host Defense Effects

Controlled studies in healthy adult subjects al so
indicate that O, causes an inflammtory response in the |ungs
characterized by elevated | evels of PMNs, increased epithelial
permeability, and elevated |evels of biologically active
substances (e.g., prostaglandins, proinflamuatory nedi ators,
cyt oki nes).
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I nfl ammatory responses to O ; can be detected within 1 h
after a single 1-h exposure with exercise to concentrations
>0.3 ppm the increased |evels of sone inflammtory cells and
medi ators persist for at least 18 h. The tenporal response
profile is not defined adequately, although it is clear that
the time course of response varies for different nediators and
cells.

Lung function and respiratory synptom responses to
O, do not seemto be correlated with airway inflammation.

Ozone al so causes inflammatory responses in the nose,
mar ked by increased nunbers of PMNs and protein |evels
suggesti ve of increased perneability.

Al veol ar macrophages renoved fromthe |ungs of human
subj ects after 6.6 h of exposure to 0.08 and 0.10 ppm O ; have
a decreased ability to ingest mcroorgani sns, indicating sone
i npai rment of host defense capability.

Ozone Exposure- Response Rel ati onshi ps

Functional, synptomatic, and inflamuatory responses to
O, increase with increasing exposure dose of O ;. The major
determ nants of the exposure dose are O ,; concentration (C),
exposure duration (T), and the amount of ventilation ( V) .

Exerci se increases response to O ; by increasing Vg
(greater mass delivered), tidal volume, inspiratory flow
(greater percentage delivery), and the intrapul nonary
O, concentrati on.

Repeat ed daily exposures to relatively high | evels of
O, doses (C x T x Vp causing substantial reductions in FEV
(>20% decrenment) typically cause exacerbation of the |ung
function and respiratory synptomresponses on the second
exposure day. However, attenuation of these responses occurs
wi th continued exposures for a few days. Mst inflanmatory
responses al so attenuate; for exanple, the PWN influx is
absent after five consecutive exposures.

Mul ti hour exposures (e.g., for upto 7 h) to
O, concentrations as |ow as 0.08 ppm cause snall but
statistically significant decrenents in lung function,
increases in respiratory synptonms, and increases in PMNs and
protein levels. Qzone Cis a nore inportant factor than
exercise Vo or T in predicting responses to nultihour |ow
| evel O, exposure. There is clear evidence of a response
plateau in terns of lung vol une response to prol onged
O, exposure. This evidence suggests that for a given
conbi nati on of exercise and O ,; concentration (i.e., dose
rate), there is a response pl ateau; continued exposure (i.e,
increased T) at that dose rate will not increase response.
Therefore, quantitative extrapol ati on of responses to | onger
exposure durations is not valid.
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Mechani snms of Acute Pul nonary Responses

The mechani sns | eading to the observed pul nonary
responses i nduced by O, are beginning to be better understood.
The avail abl e descriptive data suggest a nunber of nmechani sns
| eading to the alterations in lung function and respiratory
synmptons, including O ,; delivery to the tissue (i.e., the
i nhal ed concentration, breathing pattern, airway geonetry;
O, reactions with the airway lining fluid and epithelial cell
menbr anes; |ocal tissue responses, including injury and
i nflammation; and stinmulation of neural afferents (bronchial
C-fibers) and the resulting reflex responses and synpt ons.
The cycl ooxygenase inhibitors bl ock production of
prostaglandin E, and interl eukin-6 as well as reduce |ung
vol une responses; however, these drugs do not reduce
inflammation and | evels of cell damage markers such as lactate
dehydr ogenase.

Ef fects on Exercise Performance

Maxi mal oxygen uptake, a neasure of peak exercise
performance capacity, is reduced in healthy young adults if
preceded by O, exposures sufficient to cause marked changes in
lung function (i.e., decreases of at |east 20% and increased
subj ective synptons of respiratory disconfort. Limtations in
exerci se performance may be related to increased synptons,
especially those related to breathing disconfort.

Fact ors Modi fyi ng Responsi veness to Ozone

Many vari abl es have the potential for influencing
responsi veness to O ; however, nost are addressed inadequately
in the available clinical data to nmake definitive concl usions.

Active snokers are |l ess responsive to O ; exposure,
whi ch may reverse foll owi ng snoki ng cessation, but these
results should be interpreted with caution.

The possibility of age-related differences in response
to O, has been explored, although young adults historically
have provided the subject population for controlled human
studies. Children and adol escents have | ung vol une responses
to O, simlar to those of young adults, but |ack respiratory
synmptons. Pul nonary function responsiveness in adults appears
to decrease with age, whereas synptomrates remain simlar to
young adults. Goup nean |lung function responses of adults
over 50 years of age are |ess than those of children,
adol escents, and young adul ts.

The avail abl e data have not denonstrated concl usively
that nen and wonen respond differently to O ;.  Likew se,
pul nonary function responses of wonen have been conpared
during different phases of the menstrual cycle, but the
results are conflicting. |If gender differences exist for |ung
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function responsiveness to O ; they are not based on hornonal
changes, differences in lung volune, or the ratio of FVC to
Ve.

There is no conpelling evidence, to date, suggesting
that any ethnic or racial groups have a different distribution
of responsiveness to O ,.

Seasonal and anbient factors may vary responsiveness to
O,, but further research is needed to determ ne how they
af fect individual subjects. Individual sensitivity to O ; may
vary throughout the year, related to seasonal variations in
anbi ent O, concentrati ons.

The specific inhalation route appears to be of m nor
i nportance in exercising adults. Exposure to O ; by oral
breathing (i.e., nouthpiece) yields results simlar to
exposure by oronasal breathing (i.e., chanber exposures).

Popul ati on Groups at Risk from Ozone Exposure

Popul ati on groups that have denonstrated increased
responsi veness to anbient concentrations of O , consist of
exerci sing healthy and asthmatic individuals, including
children, adol escents, and adults.

Avai |l abl e evidence fromcontroll ed human studies on
subjects with preexisting di sease suggests that mld
ast hmatics have simlar |ung vol une responses, but greater
ai rway resistance responses to O ; than nonasthmatics; and that
noder ate asthmatics may have, in addition, greater |ung vol unme
responses than nonasthnmati cs.

O all the other popul ati on groups studied, those with
preexisting limtations in pul monary function and exercise
capacity (e.g., chronic obstructive pul nonary di sease, chronic
bronchitis, ischemc heart disease) would be of primry
concern in evaluating the health effects of O ..
Unfortunately, limtations of subject selection, standardized
nmet hods of subject characterization, and range of exposure
hanper the ability to nmake definitive conclusions regarding
the rel ative responsiveness of nost chronic di sease subjects.

Effects of Ozone M xed with Other Pollutants

No significant enhancenent of respiratory effects has
been denonstrated consistently for simnultaneous exposures of
O, mxed with SO, NO, H,SO,, HNO, particulate aerosols, or
conbi nations of these pollutants. It is fairly wel
establ i shed that sinultaneous exposure of healthy adults and
asthmatics to mxtures of O ; and other pollutants for short
periods of time (<2 h) induces pul nonary function responses
not significantly different fromthose following O ; al one when
studi es are conducted at the sane O , concentration. Exposure
to PAN has been reported to induce greater pul monary function
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responses than exposure to O , alone, but at PAN concentrations
(>0.27 ppm much higher than anmbient |evels. Unfortunately,
only a limted nunber of pollutant conbinations and exposure
prot ocol s have been investigated, and subject groups are snall
and are representative of only small portions of the genera
popul ation. Thus, nmuch is unknown about the relationships

bet ween O, and the conplex mx of pollutants found in the
anbient air.

Prior exposure to O, in asthmatics may cause an
increase in response to other pollutant gases, especially SO ..
Li kewi se, prior exposure to other pollutants can enhance
responses to O, exposure.

Controlled Human Studies of Ambient Air Exposures

Mobi |l e | aboratory studies of lung function and
respiratory synptons in a |l ocal subject popul ation exposed to
anbi ent phot ochem cal oxidant pollution provide quantitative
i nformati on on exposure-response relationships for O , A
series of these studies fromLos Angel es has denonstrated
pul monary function decrenments at nean anbi ent
O, concentrations of 0.14 ppmin exercising healthy
adol escents and increased respiratory synptons and pul nonary
function decrenents at 0.15 ppmin heavily exercising athletes
and at 0.17 ppmin lightly exercising healthy and asthmatic
subj ects. Conparison of the observed effects in exercising
athletes with controll ed chanber studi es at conparabl e
O, concentrations showed no significant differences in |ung
function and synptons, suggesting that coexisting amnbient
pol lutants have a mninmal contribution to the neasured
responses under typical summer anbient conditions in Southern
Cal i f orni a.

Field and Epidemiology Studies of Ambient Air Exposures

| ndi vi dual -1 evel field studies and aggregate-|evel
ti me-series studies have addressed the acute effects of O ; on
l ung function decrenents and increased norbidity and nortality
i n human popul ati ons exposed to real -world conditions of
O, exposure.

Canp and exercise studies of lung function provide
guantitative informati on on exposure-response relationships
linking lung function declines with O ; exposure occurring in
anbient air. Conbined statistical analysis of six recent canp
studies in children yields an average rel ationshi p between
decrenents in FEV ; and previous-hour O, concentration of -0.50
nmL/ ppb. Two key studies of lung function nmeasurenents before
and after well-defined outdoor exercise events in adults have
yi el ded exposure-response sl opes of -0.40 and -1.35 i/ ppb.
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The magni tude of pul monary function declines with O , exposure
is consistent with the results of controlled human studi es.

Daily life studies support a consistent relationship
bet ween O, exposure and acute respiratory norbidity in the
popul ation. Respiratory synptons (or exacerbation of asthmg)
and decrenents in peak expiratory flow rate are associ ated
with increasing anbient O, particularly in asthmatic
chil dren; however, concurrent tenperature, particles, acidity
(hydrogen ions), aeroallergens, and asthma severity or
medi cation status al so may contri bute as independent or
nodi fying factors. Aggregate results show greater responses
in asthmatic individuals than in nonasthmatics, indicating
that asthmatics constitute a sensitive group in epidem ol ogic
studi es of oxidant air pollution.

Sunmertine daily hospital adm ssions for respiratory
causes in various |locations of eastern North Anerica have
consi stently shown a relationship with anbient levels of O
accounting for approximately one to three excess respiratory
hospi tal adm ssions per hundred parts per billion O ; per
mllion persons. This association has been shown to remain
even after statistically controlling for the possible
confoundi ng effects of tenperature and copollutants (e.qg.,
hydrogen ions, sulfate, and particles | ess than 10 um, as
wel | as when considering only concentrations bel ow 0.12 ppm

(o}

Many of the tine-series epidem ol ogy studies |ooking
for associations between O , exposure and daily human nortality
have been difficult to interpret because of nethodol ogical or
statistical weaknesses, including the a failure to account for
ot her pollutant and environnental effects. One of the two
nost useful new studies on O ,-nortality found a small but
statistically significant association in Los Angel es when peak
1-h maxi mum O, concentrations reached concentrations greater
than 0.2 ppmduring the study period. A second study in
regions with lower ( <0.15 ppn) maxi mum 1-h O , concentrati ons
(St. Louis, MO, and Kingston-Harriman, TN) did not detect a
significant O, association with nortality.

Only suggestive epi dem ol ogi c evidence exists for
health effects of chronic anbient O , exposure in the
popul ation. All of the available studies of chronic
respiratory systemeffects in exposed children and adults are
limted by a sinplistic assignnment of exposure or by their
inability to isolate potential effects related to O , from
those of other pollutants, especially particles.

1.8 Extrapolation of Animal Toxicological Datato Humans
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There have been significant advances in O , dosinetry
since 1986 that better enable quantitative extrapolation with
mar ked reductions in uncertainty. Experinents and nodel s
descri bing the uptake efficiency and delivered dose of O ;in
the RT of aninmals and humans are beginning to present a
cl earer picture than has existed previously.

The total RT uptake efficiency of rats at rest is
approximtely 50% Wthin the RT of the rat, 50% of the
O, taken up by the RT is renoved in the head, 7% in the
| arynx/trachea, and 43%in the |ungs.

In humans at rest, the total RT uptake efficiency is
between 80 and 95% Total RT uptake efficiency falls as flow
increases. As tidal volunme increases, uptake efficiency
i ncreases and fl ow dependence | essens. Pul nonary function
response data and O ; uptake efficiency data in humans
generally indicate that the node of breathing (oral versus
nasal versus oronasal) has little effect on upper RT or on
total RT uptake efficiency, although one study suggests that
t he nose has a hi gher uptake efficiency than the nouth.

When all of the animal and human in vivo O ,; uptake
efficiency data are conpared, there is a good degree of
consi stency across data sets. This agreenent raises the |evel
of confidence with which these data sets can be used to
support dosinetric nodel fornul ations.

Several mathematical dosinetry nodel s have been
devel oped since 1986. GCenerally, the nodels predict that net
O, dose to lung lining fluid plus tissue gradually decreases
distally fromthe trachea toward the end of the
tracheobronchial region and then rapidly decreases in the
pul nmonary region.

When the dose of O, to lung tissue is conmputed
theoretically, it is found to be very lowin the trachea; to
increase to a maxinumin the term nal bronchioles of the first
generation pul nonary region; and then to decrease rapidly,
nmoving further into the pul nonary region. The increased tidal
volume and fl ow, associated with exercise in humans, shifts
O, dose further into the periphery of the lung and causes a
di sproportionate increase in distal |ung dose.

Predi ctions of delivered dose have been used to
i nvestigate both acute and chronic O , responses in the context
of intra- and interspecies conparisons. In the case of
i ntraspeci es conparisons, for exanple, the distribution of
predicted O, tissue dose to a ventilatory unit in arat as a
function of distance fromthe bronchoal veol ar duct junction is
very consistent with the distribution of alveolar wal
thickening. 1In the case of interspecies conparisons (using
the delivered O, dose to the proximal alveol ar regions),
al t hough the functional responses (e.g., rapid, shallow
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breathing) differ markedly between rats and humans, there is
simlarity of acute dose-response patterns in inflanmation
(influx of cells and protein) anmong species, wth humans and
gui nea pigs nore responsive than rats and rabbits, and
simlarity of chronic dose-response patterns for increased
al veol ar interstitial thickness in the CAR of the lung, with
nonkeys bei ng nore responsive than humans and rats |ess
responsive. In other words, the quantitative relationship
bet ween ani mal and human responses is dependent on the anim
speci es and the endpoint.

In summary, there is an energi ng consi stency anong a
variety of O, dosinetry data sets and between the experi nental
data and theoretical predictions of O , dose. The convergence
of experinental data with theoretical predictions |lends a
degree of confidence to the use of theoretical nodels to
predict total and regional O ; dose. The use of O, dosinetry
data and nodels is beginning to provide a useful extrapolation
of effects between animals and humans. The data and nodel s
have thus far hel ped denonstrate that humans may be nore
responsive to O, than rats, but |ess responsive than nonkeys
with respect to acute and chronic inflamatory responses.
However, the nonkey, with its simlarity to the human in
di stal airway structure, provides chronic effects data that
may best reflect the degree to which a conparably exposed
human woul d respond. These findings, therefore, suggest that
| ong-term exposure to O ;, could inpart a chronic effect in
humans.

1.9 Integrative Summary of Ozone Health Effects

This section sunmarizes the primary concl usions derived
froman integration of the known effects of O ; provided by
ani mal toxicol ogical, human clinical, and epi dem ol ogi cal
st udi es.

1. VWhat are the effects of short-term (<8-h) exposures to
ozone?

Recent epi dem ol ogy studi es addressing the effects of
short-term anbi ent exposure to O ; in the popul ati on have
yi el ded significant associations with a wide range of health
out cones, including lung function decrenents, aggravation of
preexisting respiratory di sease, increases in daily hospital
adm ssi ons and energency departnent visits for respiratory
causes, and increased nortality. Results fromlung function
epi dem ol ogy studi es generally are consistent with the
experinmental studies in |aboratory animals and humans.

Short-term O, exposure of |aboratory animals and humans
causes changes in pul nonary function, including tachypnea
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(rapid, shallow breathing), decreased |ung volunes and fl ows,
and i ncreased ai rway responsiveness to nonspecific stinmuli.

| ncreased airway resistance occurs in both humans and

| aboratory animals, but typically at higher exposure |evels

t han other functional endpoints. |In addition, adult human
subj ects experience O ;-induced synptons of airway irritation
such as cough or pain on deep inspiration. The changes in
pul nonary function and respiratory synptons occur as a
function of exposure concentration, duration, and | evel of
exerci se. Adult hunman subjects with m|d asthma have
responses in lung volune and airway responsiveness to
bronchoconstrictor drugs that are qualitatively simlar to

t hose of nonasthmatics. Respiratory synptons are al so
simlar, but wheezing is a prevalent synptomin O ; exposed
asthmatics in addition to the other denonstrated synptons of
airway irritation. Airway resistance, however, increases
relatively nore in asthmatics from an al ready hi gher baseli ne.
Recovery fromthe effects of O ; on pul nonary function and
synptonms is usually conplete within 24 h of the end of
exposure, although other responses may persist sonewhat

| onger.

* An association between daily nortality and
O, concentration for areas with high O , levels (e.qg.,
Los Angel es) has been suggested, although the
magni tude of such an effect is unclear.

e Increased O, levels are associated with increased
hospi tal adm ssions and energency departnent visits
for respiratory causes. Analyses fromdata in the
northeastern United States suggest that O ; air
pollution is associated with a substantial portion
(on the order of 10 to 20% of all sumertine
respiratory hospital visits and adm ssi ons.

* Pulnmonary function in children at summer canps in
southern Ontario, Canada, in the northeastern United
States, and in Southern California is associated
with O; concentration. Meta-analysis indicates that
a 0.5-nL decrease in FEV ; is associated with a 1-ppb
increase in O, concentration. For preadol escent
chil dren exposed to 120 ppb (0.12 ppm anbient O
this anmounts to an average decrenent of 2.4 to 3. 0%
in FEV,., Simlar responses are reported for children
and adol escents exposed to O ; in anbient air or O, in
purified air for 1 to 2 h while exercising.

e Pul nonary function decrenents generally are observed
in healthy subjects (8 to 45 years of age) after 1
to 3 h of exposure as a function of the |evel of
exerci se perforned and the O ; concentration inhal ed
during the exposure. Goup nmean data from nunerous
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control |l ed human exposure and field studies indicate
that, in general, statistically significant

pul monary function decrenents beyond the range of
normal neasurenment variability (e.g., 3 to 5%for
FEV,) occur

(1) at >0.50 ppm O, when at rest,

(2) at >0.37 ppm O ,with Iight exercise (slow
wal ki ng) ,

(3) at >0.30 ppm O, with noderate exercise (brisk
wal ki ng),

(4) at >0.18 ppm O, with heavy exercise (easy

j oggi ng), and

(5) at >0.16 ppm O ,with very heavy exercise
(running).

Smal | er group nean changes (e.g., <5% in FEV , have
been observed at |lower O ;, concentrations than those
|isted above. For exanple, FEV , decrenents have been
shown to occur with very heavy exercise in healthy
adults at 0.15 to 0.16 ppm O ,, and such effects may
occur in healthy young adults at |levels as | ow as
0.12 ppm Al so, pulnonary function decrenents have
been observed in children and adol escents at
concentrations of 0.12 and 0.14 ppm O ,; with heavy
exercise. Sone individuals within a study may
experience FEV , decrenents in excess of 15% under

t hese exposure conditions, even when the group nean
decrement is |l ess than 5%

For exposures of healthy subjects performng
noder at e exerci se during |onger duration exposures
(6 to 8 h), 5% group nean decrenents in FEV ;| were
observed at

(1) 0.08 ppm O, after 5.6 h,

(2) 0.10 ppm O, after 4.6 h, and

(3) 0.12 ppm O, after 3 h.

For these sane subjects, 10% group nmean FEV
decrenents were observed at 0.12 ppm O , after 5.6 and
6.6 h. As in the shorter duration studies, sone

i ndi vi dual s experience changes | arger than those
represented by the group nmean changes.

An increase in the incidence of cough has been
reported at O, concentrations as low as 0.12 ppmin
heal thy adults during 1 to 3 h of exposure with very
heavy exercise. Qher respiratory synptonms, such as
pain on deep inspiration, shortness of breath, and

| ower respiratory scores (a conbi nati on of severa
synptons), have been observed at 0.16 to 0.18 ppm

O, with heavy and very heavy exercise. Respiratory
synptons al so have been observed foll owi ng exposure
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to 0.08, 0.10, and 0.12 ppmO , for 6.6 h with
noderate | evel s of exerci se.

e lIncreases in nonspecific airway responsiveness in
heal t hy adults have been observed after 1 to 3 h of
exposure to 0.40 but not 0.20 ppm O , at rest and have
been observed at concentrations as |low as 0.18 but
not to 0.12 ppm O, during exposure with very heavy
exercise. Increases in nonspecific airway
responsi veness during 6.6-h exposures with noderate
| evel s of exercise have been observed at 0.08, 0. 10,
and 0.12 ppm O..

Short-term O, exposure of |aboratory animals and humans

di srupts the barrier function of the lung epithelium
permitting materials in the airspaces to enter lung tissue,
allowing cells and serumproteins to enter the airspaces
(inflammation), and setting off a cascade of responses.

* Increased levels of PMNs and protein in lung | avage
fluid have been observed foll owi ng exposure of
heal thy adults to 0.20, 0.30, and 0.40 ppmw th very
heavy exerci se and have not been studied at | ower
concentrations for 1- to 3-h exposures. Increases
in lung | avage protein and PMNs al so have been
observed at 0.08 and 0.10 ppm O ; during 6.6-h
exposures wi th noderate exercise; |ower
concentrations have not been tested.

Short-term O, exposure of |aboratory animals and humans

i mpai rs AM cl earance of viable and nonviable particles from
the lungs and decreases the effectiveness of host defenses
agai nst bacterial lung infections in animals and perhaps in
humans. The ability of AMs to engulf microorganisns is
decreased in hunmans exposed to 0.08 and 0.10 ppm O , for
6.6 h with noderate exercise.

2. What are the effects of repeated, short-term exposures to
ozone?

During repeated short-term exposures, sonme of the O ;-
i nduced responses are partially or conpletely attenuated.
Over a 5-day exposure, pul monary function changes are
typically greatest on the second day, but return to contro
| evels by the fifth day of exposure. Mst of the inflammatory
markers (e.g., PW influx) also attenuate by the fifth day of
exposure, but markers of cell damage (e.g., lactate
dehydr ogenase enzyne activity) do not attenuate but continue
to increase. Attenuation of lung function decrenents is
reversed following 7 to 10 days without O ;. Some inflammatory
mar kers al so are reversed during this time period, but others
still show attenuation even after 20 days without O 5, The
mechani sns and i npacts involved in attenuation are not known,
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al t hough ani mal studi es show that the underlying cell damage
conti nues throughout the attenuation process. In addition,
attenuation may alter the normal distribution of O ,; within the
lung, allowing nore O ,; to reach sensitive regions, possibly
affecting normal |ung defenses (e.g., PW influx in response

to i nhal ed m croorgani sns).

3. MVhat are the effects of |long-term exposures to ozone?
Avai | abl e data indicate that exposure to O , for nonths
and years causes structural changes in several regions of the
RT, but effects nmay be of the greatest inportance in the CAR
(where the alveoli and conducting airways neet); this region
typically is affected in nost chronic airway di seases of the
human lung. This information on O , effects in the distal |ung
is extrapol ated from ani mal toxicol ogi cal studies because, to
date, conparabl e data are not available from humans. The
apparent |ack of reversal of effects during periods of clean
air exposure rai ses concern that seasonal exposures may have a
cunmul ative i npact over many years. The role of adaptive
processes in this response is unknown but may be critically
dependent on the tenporal frequency or profile of exposure.
Furthernore, the interspecies diversity in apparent
sensitivity to the chronic effects of O ,is notable, with the
rat representing the lower limt of response, and the nonkey
the upper limt. Epidem ological studies attenpting to
associ ate chronic health effects in humans with | ong-term
O, exposure provide only suggestive evidence that such a
I i nkage exi sts.
Long-term exposure of one strain of fenmale mce to high
O, levels (1 ppn) caused a small, but statistically
significant increase in lung tunors. There was no
concentration- response relationship, and rats were not
affected. Cenotoxicity data are either negative or weak.
G ven the nature of the database, the effects in one strain of
m ce cannot yet be extrapol ated qualitatively to humans.
Ozone (0.5 ppn) did not show tunor-pronoting activity in a
chronic rat study.

4. \What are the effects of binary pollutant m xtures
cont ai ning ozone?

Conbi ned data from | aboratory ani mal and controll ed
human exposure studies of O ; support the hypothesis that
coexposure to pollutants, each at |oweffect |evels, may
result in effects of significance. The data from human
studies of O; in conbination with NO ,, SO, H,SO, HNO, or CO
show no nore than an additive response on lung spironetry or
respiratory synptons. The |arger nunber of |aboratory ani nma
studies with O; in mxture with NO, and H,SO, show that effects
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can be additive, synergistic, or even antagonistic, depending
on the exposure regi men and the endpoint studied. This issue
of exposure to copollutants remai ns poorly understood,
especially with regard to potential chronic effects.

5. What popul ation groups are at risk as a result of exposure
to ozone?

| dentification of popul ati on groups that may show
i ncreased sensitivity to O ; is based on their biological
responses to O, preexisting lung disease (e.g., asthmm),
activity patterns, personal exposure history, and persona
factors (e.g., age, nutritional status).

The predom nant information on the health effects of
O, noted above cones fromclinical and field studies on
heal t hy, nonsnoki ng, exercising subjects, 8 to 45 years of
age. These studies denonstrate that, anmong this group, there
is alarge variation in sensitivity and responsiveness to O ,,
with at least a 10-fold difference between the nost and | east
responsi ve individuals. Individual sensitivity to O ,; also may
vary throughout the year, related to seasonal variations in
anbi ent O, exposure. The specific factors that contribute to
this large intersubject variability, however, remain
undefined. Although differences in response nmay be due to the
dosinmetry of O, in the RT, available data showlittle
di fference on O; deposition in the lungs for inhalation
t hrough the nose or nouth.

Daily life studies reporting an exacerbation of asthma
and decrease in peak expiratory flow rates, particularly in
asthmatic children, appear to support the controlled studies;
however, those studies may be confounded by tenperature,
particle or aeroallergen exposure, and asthna severity of the
subjects or their medication use. In addition, field studies
of summrertine daily hospital adm ssions for respiratory causes
show a consi stent relationship between asthna and anbi ent
|l evels of O, in various locations in the northeastern United
States, even after controlling for independent contributing
factors. Controlled studies on mld asthmatics suggest that
t hey have simlar lung volune responses but greater airway
resi stance changes to O ; than nonasthmatics. Furthernore,
limted data from studi es of noderate asthmati cs suggest that
this group nmay have greater |ung vol une responses than
nonast hmati cs.

O her popul ation groups with preexisting limtations in
pul monary function and exerci se capacity (e.g., chronic
obstructive pul nonary di sease, chronic bronchitis, ischemc
heart di sease) would be of primary concern in evaluating the
health effects of O, Unfortunately, not enough is known
about the responses of these individuals to nmake definitive
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conclusions regarding their relative responsiveness to O ..
| ndeed, functional effects in these individuals with reduced
lung function nmay have greater clinical significance than
conpar abl e changes i n heal thy individuals.

Currently avail able data foll ow on personal factors or
per sonal exposure history known or suspected of influencing
responses to O..

* Human studies have identified a decrease in

pul monary function responsiveness to O ; with

i ncreasi ng age, although synptomrates renmain
simlar. Toxicological studies are not easily
interpreted but suggest that young animals are not
nore responsi ve than adul ts.

* Avail abl e toxicol ogi cal and human data have not
denmonstrated concl usively that nales and fenal es
respond differently to O ;. If gender differences
exi st for lung function responsiveness to O ,; they
are not based on differences in baseline pul nonary
function.

« Data are not adequate to determ ne whether any
ethnic or racial group has a different distribution
of responsiveness to O, In particular, the
responses of nonwhite asthnmatics have not been
i nvesti gat ed.

e Information derived fromO ; exposure of snokers is
limted. The general trend is that snokers are |ess
responsi ve than nonsnokers. This reduced
responsi veness may wane after snoking cessation.

» Although nutritional status (e.g., vitamn E
deficiency) makes | aboratory rats nore susceptible
to O,-induced effects, it is not clear if vitamn E
suppl enment ati on has an effect in human popul ati ons.
Such suppl enentation has no or mninmal effect in
animals. The role of such antioxidant vitamns in
O, responsi veness, especially their deficiency, has
not been well studied.

Based on information presented in this docunent, the

popul ation groups that have denonstrated increased

responsi veness to anbi ent concentrations of O ; consist of
exercising, healthy and asthmatic individuals, including
children, adol escents, and adults.
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